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www.sciencemag.org/cgi/content/full/science.1223532/DC1 Materials and Methods Figs. S1 to S4 Table S1 References (41-51) 18 April 2012; accepted 2 July 2012 Published online 12 July 2012; 10.1126/science.1223532 Long-Range Ordered Carbon Clusters: A Crystalline Material with Amorphous Building Blocks Lin Wang, 1,2 * Bingbing Liu, 2 Hui Li, 3 Wenge Yang, 1 Yang Ding, 4 Stanislav V. Sinogeikin, 5 Yue Meng, 5 Zhenxian Liu, 6 Xiao Cheng Zeng, 3 Wendy L. Mao 7, 8 Solid-state materials can be categorized by their structures into crystalline (having periodic translation symmetry), amorphous (no periodic and orientational symmetry), and quasi-crystalline (having orientational but not periodic translation symmetry) phases. Hybridization of crystalline and amorphous structures at the atomic level has not been experimentally observed. We report the discovery of a long-range ordered material constructed from units of amorphous carbon clusters that was synthesized by compressing solvated fullerenes. Using x-ray diffraction, Raman spectroscopy, and quantum molecular dynamics simulation, we observed that, although carbon-60 cages were crushed and became amorphous, the solvent molecules remained intact, playing a crucial role in maintaining the long-range periodicity. Once formed, the high-pressure phase is quenchable back to ambient conditions and is ultra-incompressible, with the ability to indent diamond.
C arbon materials-such as graphene, graphite, diamond, fullerenes, and carbon nanotubes, as well as nanostructured and amorphous carbon-display a remarkable range of mechanical, electronic, and electrochemical properties that have led to many advanced applications (1) (2) (3) (4) (5) (6) (7) . The structures of all of these materials are either ordered (crystalline) or disordered (amorphous). Polymeric fullerenes have been synthesized at different pressures and temperatures when pure C 60 or C 70 were used as starting materials (8) (9) (10) (11) . Under cold (ambient temperature) compression, the C 60 cages collapse, and the crys-talline C 60 phase transforms into amorphous carbon above 30 GPa (12, 13) . Under high-temperature compression, pure C 60 forms different polymerized structures, with the C 60 cages transforming into graphitic carbon or a mixture of sp 2 and sp 3 amorphous phases. Some of these phases are also ultrahard (8, 11, 14, 15) .
Another type of starting material, solvated C 60 , which is composed of C 60 molecules separated by solvent molecules, has received considerable attention (16) (17) (18) . The solvated fullerenes are crystalline materials with high stability, tunable metrics, and functionality. The incorporation of guest molecules into the host C 60 lattice changes the crystal structure. The changes are also reflected in their vibrational properties and, consequently, the Raman and IR (infrared absorption) spectra (19) . It was reported that the guest molecules can hinder the rotation of the C 60 molecules, leading to a decrease in their vibrational-rotational couplings (20, 21) . Furthermore, the interactions between C 60 and the guest molecules reduce the icosahedral symmetry of the C 60 molecules, allowing electronic transitions that are forbidden in pristine C 60 and inducing a strong photoluminescent response (22) . C 60 *m-xylene, an important solvated C 60 with greatly enhanced photon luminescence (18, 22) , was selected for this investigation. It was studied up to 60 GPa by using a diamond anvil cell. X-ray diffraction (XRD), Raman spectroscopy, infrared absorption spectroscopy, and inelastic x-ray scattering (IXS, also called x-ray Raman spectroscopy) were used to analyze the crystal structure, lattice vibration, and bonding type of the material at high pressures. Independent quantum molecular dynamics (QMD) simulations were also carried out to understand and provide insight into the phase transformation of the material under high pressure.
We used XRD to reveal long-range structural order. Detailed information about the experiments is shown in the supplementary materials. Typical XRD patterns of the C 60 *m-xylene during compression are shown in Fig. 1 . The XRD pattern at ambient pressure is well indexed as individual C 60 molecules occupying the lattice points of a hexagonal close-packed (hcp) structure (space group P6 3 ) with lattice constants a = 2.3761 nm and c = 1.0120 nm, in good agreement with literature values (18, 22, 23) . During compression up to 60.1 GPa, the diffraction peaks gradually broaden, weaken, and shift to higher Q (reciprocal lattice vector remains intact. This is in contrast to pure C 60 , where the face-centered cubic periodicity of the C 60 molecular units disappears when it amorphizes above 30 GPa (13) .
We employed Raman spectroscopy to study the local structure of ordered amorphous carbon clusters (OACC) recovered from high pressures. The Raman spectrum of pristine C 60 *m-xylene has 10 Raman-active modes (2A g and 8H g ), as labeled in the Fig. 2A , arising from the intramolecular vibrations of C 60 and some other weak peaks located from 300 to 550 cm −1 , which originate from the van der Waals interactions between C 60 and the m-xylene molecules. Figure 2A shows the Raman spectra of the pristine sample and the samples decompressed from different pressures. As shown in the spectrum at 13 GPa, all of the vibrational bands that correspond to the caged structure remained, suggesting the preservation of the C 60 cages. No peak shift was observed for the A g (2) mode, indicating that no pressure-induced polymerization occurred in the solvated C 60 because the C 60 cages are isolated from each other by the solvents (11) . However, in the spectrum of the sample decompressed from 32 GPa, only a few strong bands from the C 60 were observed, and all of the other bands disappeared. At the same time, a new band originating from the amorphous carbon appeared and became dominant at higher pressures. These observations suggest that C 60 cages start to collapse at 32 GPa and completely transform into amorphous carbon clusters at higher pressures (12, 13) .
The two broad bands preserved in the spectrum of the sample decompressed from 32 GPa contain three Raman peaks correspond to the pentagon shear [H g (7) ], pentagon pinch [A g (2) ], and hexagon shear [H g (8) ] modes, respectively (8, 9, 11) . The vibrational modes related to the breathing modes (at lower wave numbers) of the cage disappear. These changes suggest that C 60 cages start to break into fragments and lose the cage symmetry, but the pentagon and hexagon rings are still preserved in the fragments, as evidenced from the Raman peaks observed in the recovered sample. At higher compression, the fragments are increasingly broken up, and thus we only observe a very broad peak from amorphous carbon.
We further studied the bonding change of the sample during the phase transformation by using IXS. The experimental details and spectra (fig. S1) are included in the supplementary materials. As labeled in the figure, both p* and s* peaks, which correspond to sp 2 and sp 3 bonds, were observed in the spectra at relatively low pressures, and no obvious change in peak intensities was observed below 26 GPa (6) . At higher pressures above 36 GPa, the p* peak became too weak to be observed, suggesting the complete bonding transition from sp 2 to sp 3 caused by the collapse of C 60 cages as observed by the Raman spectroscopy. The IXS spectrum of OACC recovered from 42 GPa shows a p* peak that is much weaker in intensity compared with lower compressions, suggesting that a portion of sp 3 bonding transforms back to sp 2 upon decompression while the rest is preserved to the ambient pressure. This implies that OACC has mixed bonding with both sp 2 and sp 3 .
The ability to preserve the high-pressure structure back to ambient conditions is important for future practical applications. Figure 2B shows XRD patterns of a pristine sample and the samples decompressed from different pressures. We found that at pressures below~30 GPa, the C 60 cages survive and are recovered upon decompression. As the applied pressure is increased, the C 60 cages start to be irreversibly crushed, and this disorder is preserved back at ambient pressure. The C 60 cages completely collapse and transform into amorphous clusters at pressures above 32 GPa, but the overall hcp lattice is preserved, forming OACC (Fig. 2C) . The XRD for the decompressed OACC retains long-range periodicity similar to the pristine material. As shown in the figure, OACC recovered from 35 GPa has a hcp structure (space group P6 3 ) with a = 2.404 nm and c = 1.014 nm. The lattice is slightly larger than the pristine structure due to the collapse of the C 60 cages. In addition, there are several broad bands (indicated by the dashed lines) that coexist with the sharp diffraction peaks in the spectra of the decompressed samples. Because the background has been carefully subtracted during the measurements, the broad bands represent the contribution from the amorphous carbon clusters, which is consistent with the local disorder observed in the Raman studies. The center position of the first band is 4.4 Ǻ, which is different from glassy carbon and other amorphous carbons that possess some short-range order. Although the physical meaning of the first sharp peak of an XRD pattern from an amorphous material is not completely understood, the difference still suggests that the amorphous carbon clusters in OACC have different local structure with glassy carbon and other amorphous carbons due to their extremely small size and different local environments.
Previous experimental and simulation results suggest that the solvent molecules are placed along the three-fold axis of the lattice (22, 23) . Therefore, the C 60 cages are isolated from each other by the solvent. Although the C 60 cages collapse at high pressures, the carbon clusters likely stay on the lattice sites and maintain the periodic structure due to the presence of the solvent molecules ( fig. S2 ). This finding suggests that the solvent plays a crucial role in maintaining the long-range periodicity in OACC. The solvent in the solvated fullerenes can be easily removed by a heat treatment (18) . Figure S3 in the supplementary materials shows the XRD pattern of the decompressed material after a mild heat treatment Fig. 2 . Raman spectra and XRD patterns of samples decompressed from different maximum pressures and the phase diagram at room temperature. (A) The Raman spectra were gathered using a 514.5-nm excitation laser line. In the spectra of the samples quenched from pressures above 32 GPa, all the bands belonging to C 60 disappeared and a new band originating from the amorphous carbon appeared and became dominant. (B) The backgrounds were carefully subtracted during the measurement of the XRD patterns. There are several broad bands (indicated by the dashed lines) that represent the contributions from the amorphous carbon clusters and coexist with the sharp diffraction peaks from the hcp lattice. (C) The phase diagram shows that below about 30 GPa the C 60 cages survive and can be recovered upon decompression. At higher pressures, the C 60 cages start to irreversibly break and transform into hcp-structured OACC.
at 107°C for 8 hours. The material loses its longrange periodicity and transforms into an amorphous structure after the solvent is evaporated, further confirming the critical role of the solvent in maintaining long-range periodicity. Furthermore, the structure of solvated fullerenes (e.g., C 60 and C 70 ) is solvent dependent. An extensive class of crystalline-solvated fullerenes can be obtained by changing the solvent species and the ratio of fullerenes to solvent (22) . This result suggests that one may be able to synthesize a series of carbon materials with this unique structure, but with different packing symmetry and carbon cluster size, by selecting different fullerene cages.
The experiments show the phase transformation and evidence for the existence of OACC. To demonstrate that the experimentally observed OACC is a generic phenomenon, and to provide molecular-level insight into how this new material forms at high pressure, we performed independent QMD simulations using a similar close-packing (face-centered cubic) system as a test model system. Detailed information about the calculation is shown in the supplementary materials. Figure 3 shows the structures of the materials at different pressures and upon decompression. Below~30 GPa, the deformation is elastic. The deformed cages return to their initial shapes as they are decompressed back to ambient pressure. However, above 30 GPa, the deformation becomes so large that a phase transition is triggered, and C 60 molecules start to collapse by breaking the sp 2 hybrid C-C double bonds and forming new sp 3 hybrid C-C bonds. The spherical-shaped C 60 molecules are also changed to the ellipsoidal structure. As a result, the cages can no longer return to their initial structure upon decompression. At even higher pressures (>35 GPa), the C 60 cages completely collapse and transform into highly disordered carbon clusters forming OACC; OACC maintains the long-range periodicity due to the presence of the solvent molecules and can be preserved back to ambient pressure conditions. The pressureinduced phase transition seen in QMD simulations at about 32 to 33 GPa is consistent with that observed in the experiments, thereby offering additional insight into the local structure of the new material, as well as physical and chemical mechanisms of this phase transition.
Finally, it is important to note that OACC created ring crack indentations on the diamond anvils. These indentations follow the original boundary of the sample in the gasket, indicating the exceptional hardness of the new phase (4, 5) . Two optical pictures of the ring cracks generated after releasing from pressures of 32.8 and 60.1 GPa are shown in Fig. 4 . From previous studies, ring cracks have only been observed when a diamond anvil is indented by another superhard material, such as an opposing beveled diamond anvil. The observation of ring cracks indicates that OACC has ultra-incompressibility comparable to diamond. The shift of the strongest XRD peak of the high-pressure phase as a function of pressure was also analyzed ( fig. S11 ). Comparison with diamond also suggests that OACC is as incompressible as diamond.
In conclusion, we synthesized a carbon material, from units of amorphous carbon clusters and solvent molecules organized on a crystalline lattice, with the incompressibility comparable to diamond. OACC has long-range periodicity but is locally disordered, with the solvent molecules playing a crucial role in maintaining the long-range periodicity. It can also be preserved back to ambient conditions. Simulations provide additional insight into the formation mechanism that are consistent with the experimental results. Fig. 4 . Optical photomicrographs of the ring cracks in the diamond anvils generated after formation of OACC and then release of the pressure. The diamonds were carefully cleaned using sandpaper. The maximum pressures were 32.8 (A) and 60.1 GPa (B). As marked by the arrows, the ring cracks follow the original boundary of the samples in the gaskets. Fig. 3 . Simulated structures of the material under different compression and decompression conditions. Far left, the pristine structure at 0.4 GPa. The deformation of the C 60 cages is elastic below~30 GPa, and the deformed cages return to their initial shape as they are decompressed back to ambient pressure. Above 30 GPa, many carbon-carbon bonds start to break, and the cages can no longer return to C 60 upon decompression. OACC maintains long-range periodicity and can be preserved under ambient pressure conditions. www.sciencemag.org SCIENCE VOL 337 17 AUGUST 2012
Synthetic systems cannot easily mimic the color-changing abilities of animals such as cephalopods. Soft machines-machines fabricated from soft polymers and flexible reinforcing sheets-are rapidly increasing in functionality. This manuscript describes simple microfluidic networks that can change the color, contrast, pattern, apparent shape, luminescence, and surface temperature of soft machines for camouflage and display. The color of these microfluidic networks can be changed simultaneously in the visible and infrared-a capability that organisms do not have. These strategies begin to imitate the functions, although not the anatomies, of color-changing animals.
C ephalopods (such as squid and cuttlefish) have amazing control over their appearance (color, contrast, pattern, and shape) (1, 2) . These animals use dynamic body patterns for disguise, for protection, and for warning. Other animals (such as chameleons and many insects) can also actively change their coloration for camouflage or display (3, 4) . Still others (such as jellyfish and fireflies) use bioluminescence to communicate (5) . The color-changing capabilities of these animals have not been replicated by using soft synthetic systems, but such systems could enhance the function of certain machines (such as robots or prosthetics). This paper describes our initial approaches to change the color, contrast, pattern, apparent shape, luminescence, and infrared (IR) emission (that is, surface temperature) of soft machines fabricated from elastomers and flexible reinforcing sheets (6-8) by changing the color and pattern of microfluidic networks. These systems are first steps toward imitating the functions, al-though not the anatomies, of cephalopods (9, 10) and other color-changing animals (4). These animals typically change color using specialized cells, such as chromatophores or iridophores (4, 9, 10) , not simple microchannels. The nearperfect matching of environments used by colorchanging organisms with highly developed nervous systems is not required for camouflage to be effective.
Nature offers countless examples of camouflage and display (3, 11, 12) . Although specific demonstrations of camouflage vary among species, the strategies used have common themes: background matching, disruptive coloration, and disguise (3, 11, 12) . In background matching, animals use colors and patterns similar to their habitats (3, (11) (12) (13) , such as counter/obliterative shading (for example, rabbits with white underbellies and brown backs) (11, 12) . Disruptive coloration breaks up the silhouette of an animal using contrasting patterns that do not follow its shape (3) . Disguise is a strategy in which an organism adopts the shape and color of objects or animals in the environment (such as stick insects and phasmida) (3) . Display strategies are used for communication, mating, and hunting and can be just as critical for survival as camouflage (3). Bioluminescence is commonly used for display in low-or no-light conditions (5, 14) ; when lighting is strong, animals sometimes advertise themselves by combining vibrant contrasting colors with distinct shapes (15) (16) (17) . For example, jellyfish use bioluminescence to warn would-be predators (5) , and peacocks use bright plumage to attract mates (18) .
Although most strategies of camouflage and display (3, 12) emphasize the visible spectrum that most animals (especially mammals) can see (19) (20) (21) , there are animals that can see (or otherwise sense) ultraviolet (UV) or IR light and use these spectral regions for signaling or hunting. For example, most birds, many arthropods, and some fish have UV vision (22) , and many snakes, such as pit vipers, can sense IR light using specialized organs (23) . Semiconductor technology has expanded our ability to see into the IR (24), and we explored techniques for camouflage or display in the IR.
Our system combines microfluidics, pattern, and color to provide both camouflage/display and movement of the soft machines. Camouflage or display results from pumping colored or temperature-controlled fluids through a network of microfluidic channels; mechanical actuation results from pneumatic pressurization and inflation of an independent network of microchannels (pneu-nets) embedded in highly extensible elastomers (6, 7) . The microfluidic networks used for camouflage/display are contained in thin silicone sheets [Ecoflex (Smooth-On, Easton, PA), 1 to 2 mm thick] referred to as color layers ( Fig. 1 and  fig. S1 ). Although there are technologies, such as electrowetting (25) and electrofluidics (26), that use microfluidics to tune color, they rely on electric fields to move fluid and are not immediately compatible with our compressed-air power source.
The color layers are easily fabricated (27), can cover large areas, and can transport a variety of fluids (both liquids and gases) using similar controls (28). The liquids can be colored with dyes or pigments and heated/cooled to change the color of the microfluidic networks in the visible and IR
